The paper describes an improved method for the synthesis of oligodeoxyribonucleotides using phosphoramidite chemistry. Our procedure relies on novel phosphoramidite intermediates, the deoxyribonucleoside-3'-morpholino-methoxyphosphins. These compounds are extremely stable and can be purified readily. Condensation reactions during solid-phase synthesis can thus be performed with high efficiency and result in a high yield synthesis of long chain oligodeoxyribonucleotides.
INTRODUCTION
The "phosphite" approach to the synthesis of oligodeoxyribonucleotides originally made use of phosphorous acid monoester dichloridites as intermediates (Letsinger and Lunsford (1); Matteucci and Caruthers (2) ). Beaucage and Caruthers (3) added a new dimension to the field by replacing these highly reactive compounds with deoxyribonucleoside phosphoramidites. The coupling reactions with deoxyribonucleoside-3'-N,N-dimethylamino-methoxyphosphines however still require rigorous anhydrous conditions and an inert (N 2) gas atmosphere. Furthermore, the overall yields of oligonucleotides larger than 12 to 15 nucleotides have been variable and occasionally rather low. We attribute these difficulties to the presence of uncharacterized impurities in the deoxyribonucleoside-3'-N,N,-dimethylamino-methoxyphosphine preparations which can be detected by P NMR spectroscopy. Due to the lability of the phosphoramidites the impurities cannot be removed by standard purification techniques, e.g. thin-layer chromatography and/or silica gel-chromatography. Other phosphoramidite intermediates however, which are described in this paper, can be purified readily. Using highly purified deoxyribonucleoside-3'-morpholino-methoxyphosphines as intermediates it is possible to prepare oligodeoxyribonucleotides of a chain length between 15-30 in yields exceeding 20 % as based on the amount of the first nucleotide present on the solid phase carrier.
MATERIALS AND METHODS
Preparation of chloro-morpholino-methoxy-phosphine (II) The starting material for the preparation of (II) was methoxydichlorophosphine (I) which was prepared as described previously (3) . Methoxydichlorophosphine (I) (47 ml; 0,5 Mol; d=1,41) was dissolved in 400 ml anhydrous diethylether. While the solution was stirred at 15 C, 87 ml (1,0 Mol) morpholine, dried and distilled over calciumhydride, were added dropwise during 90 minutes. In order to remove the voluminous precipitate of morpholine-hydrochloride, the solution was filtered through a sealed Buchner funnel (D3) connected to the reaction flask via a 24/30 glass joint.
The precipitate was washed twice with 100 ml anhydrous diethylether. It is rather critical at this stage to have eliminated all or most of the hydrochloride since otherwise compound (II) will decompose upon distillation. After removal of the diethylether through distillation, the re- Preparation of protected deoxyribonucleotide-morpholino-methoxyphosphines-(IV a-d) Compounds IV a-d were prepared basically as described by Beaucage and Caruthers (3) for the N,N-dimethylaminophosphines. However, a special purification step was added to improve the quality of the derivatized deoxyribonucleotides. Fully protected nucleosides (III a-d); 1 mMol) were dissolved in a mixture of 3 ml of anhydrous, acid-free chloroform and 0,7 ml (0,4 mMol) diisopropylethylamine. Through a silicon rubber septum, 0,15 ml (1,5 mMol) of compound II, the phophitylating agent, were added dropwise during one minute to the reaction mixture using a glas syringe. After 15 minutes at room temperature, the solution was transferred with 35 ml ethylacetate into a 250 ml separating funnel and extracted five times with 50 ml each of a saturated solution of sodium chloride. The organic phase was dried over anhydrous sodium sulfate and concentrated by rotary evaporation. The colourless residue was taken up in 10 ml of a mixture of methylenechloride-/ethylacetate/triethylamin (45/45/10; v/v/v), applied to a silicagel column (20 x lcm) and eluted with the same solvent. Fractions (5 ml) were analyzed by thin-layer chromatography (silicagel; Merck Kieselgel H 60, coated with a fluorescence indicator), the appropriate fractions collected and evaporated to dryness. The residue was taken up in 10 ml toluene and added dropwise to 100 ml hexane at a temperature of -80 0C. The white precipitate was filtered through a precooled Buchner funnel (G3) and washed immediately with 100 ml hexane precooled at -80 0C. After drying under vacuum, the phosphitylated deoxyribonucleosides can be kept stably at room temperature for at least 9 months. Yields vary between 70 and 85 %. The purity was established by thin-layer chromatography ( Figure 3 ) and 31P-NMR spectroscopy.
Preparation of oligodeoxyribonucleotides Deoxyoligonucleotides were synthesized on a silica gel support as described previously (2, 3) . For the removal both of base protecting groups as well as of the silica gel carrier, we proceeded essentially according to Caruthers (4) . After the ammonia treatment, the crude reaction product was dried by lyophilisation and dissolved in a solution containing 25 % acetonitril in 0,1 M triethylammonium acetate, pH 7,0. Reverse-phase HPLC chromatography was performed on a u-Bondapak C18 column with the solvent described above. classical procedure of Schaller et al. (6) . Gel electrophoreses on denaturing polyacrylamide gels was performed as described by Gait et al. (7) .
General methods

RESULTS
The key intermediates of our approach to the synthesis of deoxyoligonucleotides are the deoxyribonucleoside-morpholino-methoxyphosphines (IV a-d) which can be prepared according to a reaction scheme as outlined in Figure   1 . equivalents of morpholine. The structure of (II) was established and confirmed by H-NMR spectroscopy ( Figure 2 ). A single P-NMR peak at 172,11 ppm (in CDCl3; not shown) clearly distinguishes it from methoxy-dichlorophosphine with its signal at 180,8 ppm. The reaction of (II) with the appropriately protected deoxyribonucleosides in chloroform/diisopropylethylamine results in the formation of deoxyribonucleoside-morpholinomethoxyphosphines in high yield. In contrast to the N,N-dimethylaminophosphines (3), these compounds are stable enough to be analyzed by thin-layer chromatography (Figure 3 ). Four spots can usually be identified from a crude reaction mixture. They represent an unknown side product (at the origin), the protected deoxyribonucleoside (low mobility), another side product of unknown structure (intermediate mobility) and the desired phosphoramidite (high mobility). (Figure 4, lower part) .
Likewise, only a single spot could be observed upon thin-layer chromatography ( Figure 3, position 4) . The purified deoxyribonucleoside-morpholino-methoxyphosphines were successfully employed in solid phase oligonucleotide synthesis for the preparation of several oligomers of a chain length between 10 to 22 nucleotides.
A typical reaction cycle involved a) removal of a terminal 5-dimethoxytrityl protecting group at the growing, carrier-bound oligonucleotide chain, b) the coupling reaction with a 20-fold excess of the deoxyribonucleoside-morpholino-methoxyphosphine in the presence of tetrazole and c) an oxidation step (4) . These three central steps were interrupted by different washing procedures as described in (4 were taken to exclude air from the reaction mixtures.
The success of the condensation reactions was monitored and estimated by measuring (at 498 nm) the amount of dimethoxytritanol recovered after each detritylation step. Although the yields appeared to be always quantitative, a capping step with acetic anhydride was introduced prior to detritylation. After conclusion of the synthesis, the triesters were converted to diesters by treatment with triethylammonium thiophenoxide (8) . The carrier-bound material was then freed from the silica gel by treatment with concentrated ammonia which also removes the base-labile protecting groups on the purine and pyrimidine residues. to and after HPLC chromatography. Following removal of the dimethoxytrityl protecting group with 80% acetic acid, the 5'-ends were end-labelled with 32 P.ATP in the presence of polynucleotide kinase and the reaction mixtures analyzed by electrophoresis on denaturing polyacrylamide gels. The autoradiograph ( Figure 6 ) is deliberately overexposed in order to also permit the recognition of side products present in only small amounts. The analysis demonstrates that the 5'-protected deoxyoligonucleotide as eluted from the reverse-phase chromatography column is essentially homogenous and only contains material of the expected chain length. A sequence analysis by the method of Maxam and Gilbert (9) with the modifications of Jay et al. (10) confirmed the expected sequence (not shown).
DISCUSSION
The present paper not only describes a novel phophitylating reagent and its application in solid-phase deoxyribooligonucleotide synthesis. It rather characterizes a set of deoxyribonucleoside phosphoramidites which are obtained in high yields and which are stable enough to be purified by as simple a procedure as silica gel column chromatography. The purifica-tion step removes a side product of unknown identity which interferes in the condensation reaction. Since solid phase synthesis is usually performed with an excess (up to 20-fold) of the monomer over the growing oligonucleotide chain, the presence of even small amounts of impurities can be rather critical especially in cases where potential impurities compete with the reactants. The morpholino-phosphoramidites obviate these difficulties and thus permit solid-phase synthesis of oligonucleotides with chain lengths of at least 30 nucleotides in high yields. Due to the impressive stability of these intermediates, they can be analyzed simply by thin-layer chromatography and thus should be conveniant to use in situations where P-NMR spectroscopy is not readily available. In addition, no special precautions have to be taken during the condensation reactions as with regard to an inert, oxygen-free atmosphere. The intermediates which also can be stored indefinitely at room temperature thus should find rapid acceptance in automated synthesis procedures.
